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ABSTRACT 

b. invest igat ion has been perforred t o  assess the af fec ts  o f  water 

vapor on fat igue crack grwt!! i n  7475-1651 a l u r i n u  a l l o y  p la te  and to 

dctemine whether these e f fec ts  are frequency dependent. Twenty-five 

rn th ick  c a q a c t  specimms were subjected t o  constant m l i t u d e  fatigue 

tes t ing  a t  a load r a t i o  o f  0.2. Fatigue crack g r w t h - r a t e s  were deter- 

mned a t  frequencies o f  1 Hz and 10 Hz i n  hard vacum and laboratory a i r  

and i n  mixtures o f  water vapor and nitrogen a t  water vapor p a r t i a l  pres- 

sures ranging fran 94 Pa t o  3.8 kPa. 

A s ign i f i can t  e f f e c t  of water vapor on fat igue crack g r w t h  rates 

was obsenred a t  the l a m s t  water vapor pressure tested, but  l i t t l e  change 

i n  cracking rates occurred f o r  water vapor pressures up to  1.03 kPa. 

However, an abrupt accelerat ion o f  cracking rates was observed a t  higher 

water vapor pressures. A t  l a w  stress in tens i ty  factor ranges cracking 

rates a t  the lowest and highest water vapor pressure tested were, 

respectively, two t ines higher and f i ve  times higher than rates i n  

vacum. Although a frequency e f f c c t  was observed i n  laboratory a i r ,  

cracking rates i n  water vapor and vacuum were insensi t ive t o  a ten f o l d  

changc i n  fre;ency. 

Fracture surfaces o f  specimens tested i n  water vapor and vacum 

exhibi ted d i f f e ren t  amounts o f  residdal deformation. Reduced deForma- 

t i o n  on the fracture surfaces o f  specinens tested i n  water vapor sug- 

gests ernbrittlement o f  the p las t i c  zone ahead o f  the crack t i p  as a 

res l i l t  o f  enviyoanerttal interact ion.  
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I NTROMlCT ION 

Corrosion fatigue, the response o f  a material t o  the colnbined 

actions o f  cyc l i c  stress and a corrosive environment, i s  recognized as 

a pr inc ipa l  factor  i n  accelerat ing s t ructura l  degradation of aerospace 

vehicles i n  service. A lack o f  understanding o f  the fundanrental 

mechanisms involved i n  chemicallmechanical environment interact ions has 

seriously 1 i m i  ted consideration o f  corrosion fat igue i n  the s t ructura l  

design process and i n  a l l o y  development. Whereas t e s t  techniques to 

characterize strength, f racture toughness , and fat igue resistance are 

wel l  understood and the data are useable by the designer, the ef fects  

o f  corrosion receive scant a t tent ion i n  the design process. Although 

t e s t  techniques are avai lable t o  characterize the susceptabi l i ty  of a 

material t o  stress corrosion cracking (SCC), these data are of ten not 

re la tab le t o  design f o r  real  service environments. As a r e s u l t  a l l o y  

select ion and s t rustura l  design are based upon a q u a l i t a t i v e  judgnent 

of imnunity t o  SCC. I n  the case o f  corrosion-fatigue, materials are not 

systematically characterized w i th  respect t o  t h i s  phenomenon; therefore, 

corrosion fat igue i s  only addressed on an after-the-fact basis. 

Even though fat igue i s  treated as a purely mechanical phenomenon, 

i t  has received primary at tent ion i n  the s t ructura l  design o f  aerospace 

vehicles. 

structural  design philosophies: 

ciesign. Safe- l i fe  design, which i s  the older design philosophy, i s  

mostly concerned w i th  the crack i n i t i a t i o n  phase o f  the fatigue process 

and i s  based on precluding the development o f  a crack o f  s ign i f icant  s ize 

Corxern w i th  fat igue has resulted i n  the development o f  two 

(1) s a f e - l i f e  design and (2) fa i l - sa fe  
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and thus preventing fracture during the operational l i f e t i m e  o f  a con)- 

ponent (ref .  1). With the knowledge that  structures are never t w l y  f law 

free and tha t  fatigge cracks tend t o  I n i t i a t e  very ear ly  i n  the l i f e  o f  

comp?ex structures a t  d iscont inu i t ies such as holes, f i l l e t s  and other 

abrupt changes i n  configuration, the fa i l - sa fe  design philosophy emerged. 

Predominantly concerned w i th  the crack propagation stage of the fa t igue 

process, f a i l - sa fe  design emphasizes redundant load paths and u t i l i z e s  

per iodic inspections t o  detect the existence o f  cracks. Crack grawth 

predict ions are ew91oyed t o  determine the safe inspection i n te rva l  and 

t o  insure tha t  f racture w i l l  not  occur between inspections (ref. 2). 

Modern aerospace s t ructura l  design , general l y  known as damage-tolerant 

design, tends t o  combine aspects o f  both the sa fe - l i f e  and the fa i l -sa fe  

philosophies (refs. 1-3). I n  choosing a material the designer i s  con- 

cerned w i th  the a b i l i t y  o f  the material t o  r e s i s t  both crack i n i t i a t i o n  

and crack propagation . 
Aluninun a l loys have been the most widely used materials o f  a i r c r a f t  

construction f o r  more than 40 years. The most comnonly used a l loys have 

been 2024 and 7075 i n  a var ie ty  o f  heat treatments. I n  the T6 condition 

7075 possesses superior ambient temperature tens i le  properties, but  i t s  

fracture toughness and fat igue resistance are i n f e r i o r  t o  lower tens i le  

strength 2024-T3. The development o f  improved a l loys f o r  aerospace 

appl icat ion has tended t o  emphasize modifications o f  these two workhorse 

a l loys i n  an attempt t o  produce a be t te r  balance o f  properties through 

more t i g h t l y  control led chemistry. Containing substant ia l ly  lower 

amounts o f  the impuri ty elements S i p  T i ,  Fe I and Mn, one o f  these new 
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alloys, 7475, i s  an improved chemistry modif icat ion o f  7075. 

condit ion 7475 combines tens i le  propert ies comparable w i t h  those o f  

7075-T6 wi th  f racture toughness and fat igue resistance cornparable t o  

2024-T3. Because o f  I t s  excel lent balance of properties, 7475 i s  

expected t o  be widely used i n  future aerospace vehicles. 

I n  the T6 

The f a c t  that a i r  accelerated the fa t igue- fa i lure of aluminum al loys 

was f i r s t  reported i n  the l i t e r a t u r e  almost 50 years ago (ref. 4). Ear ly 

research was largely  l im i ted  t o  the ef fects  o f  a i r  and i t s  constituents 

on t o t a l  fatigue l i f e  (refs. 4-7). With the development o f  l i n e a r  

e las t i c  f racture mechanics and fa i l - sa fe  design philosophy, research 

emphasis sh i f t ed  t o  studies o f  the crack propagation phase (refs. 8-12). 

Although the ef fects  on crack i n i t i a t i o n  are disputed, there i s  general 

agreement i n  the l i t e r a t u r e  that  water vapor has a greater e f f e c t  on 

fat igue crack growth rates i n  aluninum al loys than the other constituents 

o f  pure a i r .  The present study was undertaken t o  assess the effects of 

water vapor c.1 fat igue crack growth i n  7475-T651 aluminum alloy plate 

and t o  determine whether these ef fects  are frequency dependent. Fatigue 

crack growth rates were determined a t  frequencies o f  1 and 10 Hz i n  hard 

vacuum and laboratory a i r  and i n  mixtures o f  water vapor and nitrogen 

a t  various p a r t i a l  pressures of water vapor. Fracture surfaces were 

characterized i n  an attempt t o  correlate f racture morphology with 

envi ronmental in teract  ion. 
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REVIEW OF LITERATURE AND THEORY 

The phenomenon o f  fat igue i n  metals i s  generally divided i n t o  t h e e  

sequential phases: crack i n i  t fa t ion,  crack propagation, and f i n a l  

fracture. The crack i n i t i a t i o n  phase begins w i th  the f i r s t  load cycle 

and includes l i m i t e d  microcracking along s l i p  bands or grain boundaries 

(refs. 13-15). Although the d iv id ing l i n e  between the i n i t i a t i o n  and 

propagation phases i s  not  well defined, the crack propagation phase i s  

general ly thought t o  have begun once d macroscopi (: c rack has developed 

and involves a l l  the remaiqing l i f e  except f o r  the l a s t  few loading 

cycles. The f i n a l  Fracture phase involves only the l a s t  few loading 

cycles during which f i n a l  f a i l u r e  o f  the material occurs when a com- 

b inat ion o f  crack s ize and load reaches a c r i t i c a l  value producing gross 

mechanical i n s t a b i l i t y .  

H is to r ica l l y ,  research on corrosion fat igue has paral le led research 

on fat igue per se. Early research on corrosion fat igue was largely  

l im i ted  t o  ef fects  on t o t a l  fat igue l i f e .  With the advent o f  l inear  

e las t i c  f racture mechanics , research emphasis sh i f ted  p r i m a r i l j  t o  

studies o f  the crack propagation phase. Less research has been carr ied 

out  on the crack i n i t i a t i o n  phase pr imar i l y  because of the experfmental 

d i f f i c u l t i e s  involved and the :.ck o f  an adequate de f i n i t i on  o f  the 

boundary between the crack i n i t i a t i o n  and propagation phases. Research 

on the crack propagation phase has received added impetus from the fac t  

t h a t  engineering structures a r e  never t r u l y  f l a w  f ree and tha t  cracks 

tend t o  i n i t i a i e  very ear ly  i n  the l i f e  o f  complex structures. This 
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1 f terature review w i  11 be largely  1 i m i  ted t o  the crack propagation 

phase o f  corrosion fat igue when a macroscopic crack i s  growing. 

Fracture Mechanics 

Based on the pioneering work o f  G r i f f i t h  (ref. 16), I rw in  (ref. 17) 

and Williams ( re f .  18) independently discovered the fundamental concept 

o f  f racture mechanics: the stress near the t i p  o f  a crack i n  an e l a s t i c  

body o f  a rb i t ra ry  shape and loading varies i n  a simple way w i t h  posi t ion 

r e l a t i v e  t o  the crack t i p .  Complete speci f icat ion o f  the stress, s t r a i n  

and displacement requires three scaling factors which are determined by 

the geometry and load. These three scal ing factors are related t o  the 

three possible modes o f  motion between the faces o f  the crack. The 

numerical coeff ic ients giv ing the magnitude o f  each o f  these three modes 

o f  motion are cal led stress i n tens i t y  factors. Direct  separation of the 

crack faces symnetrically w i th  respect t o  the plane o f  the crack i s  

known as the open ng mode o r  mode 1. For a crack of length, 2a, i n  an 

i n f i n i t e l y  wide e as t i c  p la te subjected t o  a uniform remote stress, S, 

the mode 1 stress i n tens i t y  factor i s  given by 

K = r * o  limit [ o y m r l  = s f i  (1 1 

where r i s  the distance from the crack t i p  t o  the locat ion where the 

pr inc ipa l  stress normal t o  the crack plane u i s  calculated. 
Y '  

Equation (1) indicates tha t  f o r  a sharp crack as the radius 

approaches zero, the stress would be i n f i n i t e  a t  the crack t i p .  

r e a l i t y  the crack w i l l  always have a f i n i t e  radius o f  curvature, and the 

I n  
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stress, although very large, w i l l  remain f i n i t e .  Unless the material i s  

completely b r i t t l e ,  y i e l d i n g  w i l l  occur, and t h i s  loca l  p l a s t i c  

deformation w i ; l  tend t o  reduce the stress concentration ef fects  o f  the 

crack. As long’as the p l a s t i c  zone i s  small i n  comparison wi th  the 

t rack length and other dimensioat o f  the body, the e las t i c  so lut ion 

represents a reasonably accurate approxima un o f  the stress and dis- 

placement near the crack t ip .  Since the small p l a s t i c  zone a t  the crack 

t i p  i s  contained w i th in  the surrounding e l a s t i c  material, i t  i s  

reasonable t o  expect t ha t  the behavior o f  the p l a s t i c  zone can be 

characterized by the stress i n tens i t y  factor.  

When the combination o f  crack length and shape and applied load 

produce 3 c r i t i c a l  value o f  the stress i n tens i t y  factor, a material w i l l  

undergo crack extension. The c r i t i c a l  stress i n tens i t y  factor  i s  a 

measure o f  the f racture toughness o f  a material and i s  a function o f  the 

degree o f  constraint a: the crack t i p .  19der plane s t r a i n  conditions 

which generally occur i n  th ick sections, t h e  c r i t ’ c a l  stress i n tens i t y  

factor  i s  a material property, KIc, the plane s t r a i n  f racture toughness. 

Val id de& fnations o f  KIc require tha t  the p l a s t i c  zone be very small 

i n  re la t i on  t o  crack length and specimen dimensions so tha t  plane s t r a i n  

condi tic,,; are c losely approximated. A1 though pure plane stress con- 

d i t ions only occur i n  very t h i n  sections, Kc, the plane stress fracture 

toughness, i s  o f ten determined under crack t i p  constraint conditions 

which are intermediate betweec plane stress and p l a i n  strain.  As a 

resul t ,  values o f  K, are dependent on specimen geometry. 
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Fatigue Crack Propagation W l s  

b y  crack propagation mde ls  have been prqmsed which u t i l i z e  the 

stress in tens i ty  factor  to characterize the crack dr iv ing  force mder a 

var iety o f  loading cond i t ims and gewetrical configuratiam. In  a l l  o f  

these models, crack propagation ra te  was a s s i d  t o  be a continuour 

fu tc t ion of loading, geaaetrical configuration, and material properties. 

The ensuing discussion o f  sr_  o f  the r m l y  rred -1s i s  based on 

tk presentation by Newtan i n  reference 19 and w i l l  be limited to 

constant-aaplitude loading where the ef fects  o f  p r i o r  load h i s to ry  need 

not be considered. I n  t h i s  paper the terms fat igue crack pmpagation 

rate, fatigue crack grarth rate, and cracking ra te  are used synonymxly. 

Paris, Gomez. and Anderson (ref. 20) suggested tha t  the stress 

in tens i ty  factor, K, not only characterized the s t r w s  state i n  irk 

v i c i n i t y  of the crack t i p  but  would also account for the effects o f  

specimen loadin; on fat igue crack propagation rates. Paris and Erdogan 

(ref. 21) analyzed various crack propagation models and determined that  

fat igue crack propagation ra te  was best represented by the equation 

da/a = C K ~  

where C and n are errpir ical  constants. Subsequently, Paris (ref. 22) 

proposed that  fat igue crack propagation rate was a function o f  AK, the 

stress intenpit;. factor  range. Thus, 

&a/dN = C AKn ( 3) 

where C and n are again enpi r ica l  constants. Using the equation t o  
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analyze data on steel, titmi-, and a l m i n m ,  he t u w W  t ha t  the 

value o f  the exponent n was approximately four. Hudson and S u r d i n 8  

(ref. 23) determined tha t  the constant C varied with R, the r a t i o  of 

m i n i m  stress to  n a x i u  stress. 

Foman, k m y ,  and Engle (ref. 21) proposec( tha t  fa t iguc cNdt  

proprgation r a t e  uas a funct ion o f  Kc, the plme-stress fracture 

toughness of the material, as well as the stress i n t e n s i v  factor  range 

and the stress rat io .  Their e r p i r i c a l  equation has the form 

where C and n are empirical constants. 

Erdogan (ref. 25) developed a model assming snal l  scale yielding. 

He pmposed tha t  fat igue crack propagation ra te  was a function. o f  both 

the lwxiRur stress in tens j ty  factor, bx, and the stress In tens i ty  

factor range such tha t  

where cB m, arrd n are a l l  eupi r ica l  ccnstants. 

Hudson (ref .  26) studied the ef fect  o f  s tmss r a t i o  on fat igue 

crack propagation i n  tm, aluminun a l loys and correlated the data using 

equations (3 )*  (4). and (5). His data covered a wide range o f  stress 

ra t i os  and maximum stress levels i n  7075-T6 and 2021-13. F o m n ' s  

equation produced an excel lent  f i t  t o  a l l  the data. Erdogan s and Paris'  
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equations showed good corre la t ion w i t h  the data except a t  the higher 

grwth rates i n  707ST6. 

The foregoing crack propagation d e l s  p r imar i l y  incorporate the 

e f fec ts  o f  various loading variables on fat igue crack growth. They were 

developed without regard t o  environnwltal influences on crack grarth, 

and, by and large, the experiments on which they were based were per- 

formed with no environrpntal control. However, for a ' s ing le  material 

and environnent codinat ion,  fat igue crack growth rates can generally be 

p lo t ted  w i t h  equal success against e i t h e r  AK o r  kx, with a l l  data 

generated a t  a t i n g l e  stress r a t i o  f a l l i n g  w i th in  a narrow scatter band. 

yhen more than one stress r a t i o  i s  included, a systematic ordering o f  

the data with stress r a t i o  usually occurs (refs. 24, 26). 

Re1 a t  i o w h i  ps Between Corrosion Fatigue, 
Fatigue and Stress Corrosion Cracking 

Corrosion fatigue, the response o f  a material t o  the combined 

actions o f  cyc l i c  stress and a corrosive environment, can be put i n  

perspective by examining its relat ionships wi th purely mechanical 

fat igue and SCC. Figure 1, which i s  patterned a f t e r  aa i l l u s t r a t i o n  i n  

reference 27, shorn the crack growth response resul t ing from these 

related phenomena as a function o f  stress intensi ty.  

between corrosion fat igue iind purely mechanical fat igue i s  schematically 

i l l u s t r a t e d  i n  f igure l a  which compares the fat igue crack growth response 

o f  a material i n  i n e r t  and aggressive environments. Fatigue crack growth 

rate, da/dN, i s  p lo t ted  as a function o f  hX a t  R = 0. (Note tha t  

for R = G, Kmx = AK.) On such a p l o t  the fat igue crack growth 

The relat ionship 



10 

response can generally be div ided i n t o  thne regions. The response i n  

region I i s  associated with Qh, an apparent threshold value o f  K 

below which no fa t igue cracking can occur. I n  region 11 the cracking 

ra te  i s  dependent on some power o f  K; tha t  is ,  cracking ra te  appears to 

follow the Paris nodel, equation (3) .  The response i n  region I11 i s  

dominated by the rap id a p p m c h  o f  Kc where unstable cracking occurs 

leading t o  fracture. The e f fec ts  o f  an aggressive environnent on 

fatigue crack grawth include a possible reduction of Kth but  are 

p r imar i l y  evidenced by an acceleration o f  da/dW i n  regions I and 11. 

I n  region I11 environmental e f fects  on da/dll are diminished as & 
approaches K,. Envirormental e f fects  on da/& are also a function of 

loading frequency. As indicated i n  f igure la ,  a lower frequency, f, 

generally resul ts  i n  a greater acceleration o f  da/dW. Conversely, as 

frequency i s  increased, environmental e f fects  on da/dN are diminished 

and may be completely el iminated a t  high frequency (ref. 28). 

The SCC behavior o f  the same material i n  the same aggressive 

envimnlnent i s  schematically depicted i n  f jgure lb. Crack velocity, 

da/dt, i s  p lo t ted  as a f u c t i o n  o f  K f o r  a precracked specimen held a t  

constant load i n  the aggressive environment. L ike fat igue crack growth, 

SCC response can be divided i n t o  three regions, 

response i s  strongly dependent on K and exhib i ts  an apparent threshold 

K vl lue, KISCC,  below which no SCC takes place. Region I 1  i s  known as 

the K insensi t ive region where da/dt i s  large ly  independent o f  K leve l  

and may be l im i ted  by the corrodent transport process. I n  region I11 

da/dt i s  again strongly dependent on K and Increases rap id ly  as K 

I n  region I the 
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approaches Kc. A comparison of f igures l a  and l b  Indicates tha t  both 

purely raechanical fatigue and corrosion fa t igue occur a t  bx values 

lo:> than KISCC. Environmental acceleration of fat igue crack growth a t  

I( Jevels less than KISCC has been reported f o r  aluminum, mgneslm, 

am.! t l t a n l u n  a l loys and s tee ls  exposed t o  a v r r i e t y  o f  environments 

{refs.  29-31). I n  fact ,  corrosion fatigue o f  a mater ia l  can occur i n  an 

eni.irorunent i n  which the mater ia l  i s  essent ia l ly  i m n e  t o  SCC (ref. 29). 

Corrosion fa t igue has been modeled by superposition o f  SCC and 

purely mechanical fa t igue crack growth (refs. 32-33). Wei and Landes 

(nf. 32) proposed t h a t  the fa t igue cracking r a t e  f o r  a material i n  an 

aggressive environment, (da?&),, was the sum of the fatigue cracking 

rate i n  an i n e r t  environment, (da/dN),, and the contr ibut ion o f  SCC i n  

the same aggressive environment, (da/dti)scc. That i s  

where 

Ir- 1 ewe 

f igure  

K- 1 w e  

Such l ink. :  superposition models were not proposed to  account f o r  

a i l  obst lhci corrosion fat igue behavior, but equation (6) does approxi- 

mato observed trends i n  a few m a t e r i a l  environment combinations a t  

s i n  excess o f  K I S C C  (refs.  32-34). However, as indicated i n  

1 envfmtcmental e f fects  on fat igue crack growth rates ex i s t  a t  

s tsss than KISCC. I n  t h i s  regime l inear  superposition does 
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displayed by d 

types o f  behav 

reference 35. 

f f e ren t  material-envi ronment 

o r  are i l l u s t r a t e d  i n  f i gu re  

Type A behavior which i s  typ 

system shows an apparent reduction i n  Kth 

not apply because corrosion and mechanical fatigue are interacting. 

An abrupt cessation o f  these interact ions a t  o r  near KISCC seems 
un l i ke l y  sincc region I1 corrosion fat igue spdns a range o f  K above 

and below 

(ref. 29). The superpasition concept may also be unsatisfactory f o r  

materials which exh ib i t  d i f f e ren t  f racture modes under d i f f e r e n t  loading 

conditions. For example, aluninun a l loys usually fracture i n t e r -  

granularly under stress-corrosion conditions , but they of ten f racture 

transgranularly under corrosion fat igue conditions (refs. 27, 29). 

KISCC wi th  no apparent discont inui ty i n  crack growth rates 

HcEvily and Wei (ref .  35) suggested that  environmental effects on 

fatigue crack growth could be grouped i n t o  three basic types of response 

combinations. These three 

2 which i s  redrawn from 

f i e d  by the aluminm-water 

and continuously higher 

growth rates u n t i l  K approaches K,. This type o f  environmental ef fect  

resul ts  from the synergist ic act ion o f  corrosion and fatigue. Type B 

behavior, t y p i f i e d  by the hydrogen-steel system, shows an environmental 

e f f e c t  w i th  a substantial SCC component and no in teract ion between 

cormsion and fatigue, The environmental e f fect  i s  confined t o  the 

reglcn where K exceeds KISCC. Type C represents the behavior of many 

material-environment systems which display type A behavior below 

and type B behavior above. 

KISCC 
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Influence o f  Water Vapor on Fatigue Crack 
Propagation i n  Aluminum Alloys 

Many variables a f f e c t  the influence of water vapor on fat igue crack 

propagation i n  aluminum al loys. These variables generally are o f  three 

types: mechanical, environmental, and metal lurgical.  The mechanical 

variables a r e  related t o  loading conditions and specimen o r  component 

geometry. The general e f fec ts  o f  some o f  the more important mchanical 

variables including AK and R have been discussed i n  a preceeding 

section. For corrosion fat igue experiments low values of R are 

generally used. Envi ronmental variables include conposi t ion,  temper- 

ature, pressure, and whether the environiient i s  s t a t i c  o r  c i rculat ing.  

Metal lurgical  variables include a l l o y  composition, heat treatment, 

microstructure, and mechanical properties. 

a l l  enconpassing but  i s  provided t o  demonstrate the broad range o f  

factors and t h e i r  in teract ion i n  the corrosion fat igue process. 

This l i s t i n g  i s  by no means 

To 

be t te r  define the influence of water vapor, the review which follows 

w i l l  include the influence o f  other environments such as a i r  and vacuum 

on the fat igue of aluminum al loys.  The review w i l l  focus on the ef fects  

of selected variables and conclude w i th  a discussion o f  mechanisms. 

Effects o f  .-A vacuum .----- a i r  and i t s  constituents.- The ef fects  o f  vacuum 

and a i r  and i t s  pr inc ipa l  constituents on the fat igue o f  aluminum al loys 

have been studied extensively. Wadsworth and Hutchings i y f .  5) showed 

that  f o r  pure aluminum t o t a l  fat igue l i f e  i n  a vacuum o f  1.3 lnPa was 

f ive times greater than l i f e  i n  s i r  a t  normal atmospheric pressure. 

They reported that crack propagation occupied about 90% of t o t a l  fatigue 
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l i f e  i n  both environments and concluded tha t  the environmental e f fec t  

was res t r i c ted  t o  the rate o f  crack propagation. Although t h e i r  con- 

clusion that  crack i n i t i a t i o n  i s  unaffected i n  a i r  versus vacuum has not  

been generally accepted (ref. 36), t h e i r  f indings that the presence o f  

a i r  reduces t o t a l  fat igue l i f e  and increases the rate o f  crack propaga- 

t i on  i n  aluminum and i t s  a l loys have been confirmed by many researchers 

(refs.  4, 6-8, 10, 37). 

Several investigations have been performed t o  determine the e f f e c t  

of decreasing pressure on t o t a l  fatigue l i f e  and fat igue crack prop- 

agation rate. Wadsworth and Hutchings ( r e f .  5), Hudson (ref. 37), 

Snowden ( re f .  38), and Christensen (ref. 39) reported a continuous 

increase i n  the fatigue l i f e  o f  pure aluminum and 2014-T6 and 7075-T6 

aluminum al loys as gas pressure was reduced from normal atmospheric 

levels t o  hard vacuum. 

Reichenbach (ref. 40), Hordon ( re f .  41), Shen, Podlaseck, and Kramer 

(ref .  4 2 ) ,  and Shen (ref .  43), have reported a discontinuous o r  stepped 

var iat ion i n  the fat igue l i f e  o f  pure aluminum and aluminum a l l o y  

1100-H14 w i th  decreasing gas pressure. 

found fdt igue l i f e  t o  be nearly independent o f  pressure over the range 

from atmospheric levels t o  approximately 13 Pa, t o  increase s teadi ly  

over the approximate range from 13 Pa t o  13 mPa, and t o  be again nearly 

independent o f  pressure from 13 mPa down t o  1.3 DPa. Comnensurate wi th  

these fat igue l i f e  results, fat igue crack propagation rates are 

decreased a t  reduced pressure, pa r t i cu la r l y  a t  low values o f  AK. 

Hordon ( re f .  41) found that i n  aluminum al loy 1100-H14 the rat 'o o f  the 

Other investigators, including Ham and 

A l l  o f  these l a t t e r  investigators 
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fat igue crack propagation rates a t  low AK i n  a vacuum of 26 PPa versus 

a i r  a t  atmospheric pressure was about 1/10. Hudson ( r e f .  37) reported 

that  f o r  7075-T6 the fat igue crack propagation rate i n  a vacuum o f  7 pPa 

was about one-half o f  the rate measured a t  atmospheric pressure. 

Bradshaw and Wheeler (ref.  10) found that  i n  a vacuum o f  4 pPa fatigue 

crack propagation rates a t  low AK i n  DTD 5070A (c lad A1-Cu-Mg a l l oy )  

and DTD 683 (Al-Zn-Mg-Cu a l l oy )  were, respectively, 1/7 and 1/60 o f  the 

rates i n  a i r  a t  atmospheric pressure. 

Dry noble gases such as nitrogen and argon a r e  generally considered 

Broom and t o  have no detrimental e f fects  on fat igue i n  aluminum al loys. 

Nicholson (ref. 7 )  reported tha t  fat igue l i ves  of t h m  aluminum al loys 

were from 6 t o  10 times greater i n  dry nitrogen than i n  a i r  a t  

atmospheric pressure. They found that  the fat igue l i f e  of an A1-4% 

Cu a l l oy  was roughly the same i n  dry nitrogen as i n  a vacuum of 260 pPa. 

Bradshaw and Wheeler ( re f .  12) found only minor differences between 

fat igue crack propagation rates i n  dry nitrogen and i n  a vacuum o f  

4 pPa i n  aluminum al loys DTD 5070A and DTD 683. While spec i f i c  i nves t i -  

gations of the effects of dry argon versus hard vacuum on aluminum al loys 

cannot be c i t ed  from the l i t e ra tu re ,  fat igue crack propagation rates i n  

these two environments are roughly equivalent. I n  practice both dry 

argon and hard vacuum are employed as i n e r t  reference environments. 

The e f f e c t  o f  oxygen on the fat igue o f  aluminum al loys has received 

considerable attention. Broom and Nicholson ( r e f .  7) found tha t  the 

fat igue l i ves  o f  4% Cc, S.S. L65, and DTD 683 aluminum al loys were eight, 

f ive,  and two times longer, respectively, i n  drJe oxygen than i n  a i r  a t  
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atmospheri pressure. 

Cu a l l oy  was four times longer i n  dry oxygen than i n  oxygen w i t h  some 

moisture Present. Wright and Hordon (ref. 44) reported tha t  i n  the 

They also fomd that the fat igue l i f e  o f  the A1-4% 

pressure range f r o m  1.3 t o  13 Pa oxygen and water vapor produced 

equally detrimental e f fects  on the fat igue l i f e  of 1100-H14 aluminum 

al loy.  Bradshaw and Wheeler (refs. 10, 12) found that dry oxygen had 

only a minor e f f e c t  on fat igue crack propagation rates i n  aluninum al loys 

DTD 5070A and DTD 683 as compared t o  rates i n  hard vacuum and tha t  t h i s  

effect was l i m i t e d  t o  very low AK levels. However, they found that 

dry ougen had a more substantial detrimental e f fect  on cracking rates 

i n  99.99% pure aluminum. I n  Alclad 2024-T3 Hartman (ref. 45) found tha t  

fatigue crack propagation rates were s im i la r  i n  dry oxygen and dry argon 

and that  the rates i n  these dry gases were much lower than the rates i n  

wet oxygen, wet  argon, o r  a i r  a t  60% r e l a t i v e  humidity. Wei ( re f .  46) 

reported tha t  over the temperature range f r o m  295 t o  3 N  K dry oxygen 

had l i t t l e ,  i f  any, e f f e c t  on fat igue crack propagation rates i n  

7075-T651 as compared t o  rates i n  dehumidified argon. 

Sumnarizing the ef fects  o f  vacum and a i r  and i t s  constituents, a i r  

and nitrogen have no e f f e c t  on fat igue crack propagation i n  aluminum 

al loys unless water vapor i s  also present. Fatigue crack propagation 

rates i n  dry a i r ,  dry nitrogen, and dry argon are s i m i l a r  t o  the rates 

observed under hard vacuum. 

pure 1100 al loy,  dry oxygen also appears t o  have l i t t l e  e f fect .  

Except i n  pure aluminum and the commercially 

Acceleration o f  aluminum a l l oy  fat igue crack propagation i n  wet a i r ,  w e t  

nitrogen, and wet oxygen appears to  be caused solely by the presence o f  
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water vapor; nme of the evidence suggests tha t  mixtures of water vapor 

and the other gases produce strong synergist ic effects. 

E f fec t  o f  concentration o r  pressure o f  water vapor.- Several 

investigations have been performed on the ef fects  o f  the concentration 

o r  p a r t i a l  pressure o f  water vapor i n  various gaseous environments and 

the pressure i n  a pure water vapor environment. Hartman, e t  al.  (ref. 8) 

and Hartman (ref. 45) studied the ef fects  o f  r e l a t i v e  humidity I n  a i r  a t  

normal atmowheric pressurd on fat igue crack propagation rates i n  7075-T6 

and 2024-T3. They found tha t  the r a t i o  o f  crack growth rates a t  100% 

r e l a t i v e  humidity versus O.G5% r e l a t i v e  humidity ranged from 7 t o  10 a t  

low AK values and tended t o  diminish t o  un i ty  a t  very high AK values. 

Most importantly, they found that  v i r t u a l l y  a l l  o f  the cracking r a t e  

acceleration occurred i n  the range from 0.15 t o  1.5% r e l a t i v e  humidity. 

Feeney, McMlllan, and Wei (ref.  11) measured fat igue crack propagation 

rates i n  2024-T3, 7075-T6, and 717&T6 a t  very low AK levels i n  a i r  

a t  90% and 10% r e l a t i v e  humidity. Cracking rates i n  7075-T6 and 717&T6 

were roughly two t o  three times higher a t  90% r e l a t i v e  humidity than a t  

10%. No change o f  cracking ra te  was observed i n  2024-T3. 

Bradshaw and Wheeler (refs. 10, 12) studied the ef fects  o f  pure 

water vapor on fatigue crack propagation i n  DTD 507oA. They found tha t  

cracking rates were s ign i f i can t l y  af fected by the leve l  o f  water vapor 

pressure and that  t h i s  e f f e c t  was confined t o  a r e l a t i v e l y  narrow range 

o f  pressure which they ca l led a t rans i t i on  zone; i.e., the var ia t ion o f  

cracking ra te  w i th  increasing water vapor pressure was sigmoidal. They 

defined the water vapor presr.ure a t  which s ign i f i can t  cracking rate 
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acceleration begins as the c r i t i c a l  pressure. With increasing bK f r o m  

6 t o  12 t4M/m3’*, the c r i t i c a l  pressure tended t o  increase, but  the range 

o f  pressures aver which t ranz i t i on  occurred and the degree o f  cracking 

ra te  acceleration tended t o  decrease. I n  a l l  cases t rans i t i on  wa; com- 

p le te  a t  water vapor pressures less than 130 Pa. Wei, e t  a l .  ( re f .  47) 

reported a s im i la r  water vapor t rans i t i on  zone f o r  fat igue crack prop- 

agation rates i n  2219-T851. 

1 and 10 Pa water vapor pressure and d i d  no t  vary s ign i f i can t l y  over a 

AK range from 10 t o  20 MH/m . 

I n  t h i s  case t rans i t i on  occurred between 

3/2 

E f fec t  o f  frequeng.- I n t u i t i v e l y ,  frequency would be expected t o  

have an e f fec t  on fat igue crack propagation rates i n  a corrosive environ- 

ment since chemical e f fec ts  are generally time dependent; lower 

frequencies should produce higher da/dN values. However, i n t r i n s i c  

(i.e., due t o  the ra te  s e n s i t i v i t y  o f  the material) frequency e f fec ts  

should be d i f fe ren t ia ted  f ron  those caused by the in teract ion o f  the 

piaterial wi th the environment. Bradshaw and Wheeler ( re f .  12) reported 

an i n t r i n s i c  frequency e f f e c t  i n  DTD 683, an Al-Zu-Mg-Cu al loy,  from 

tests  i n  hard vacuum. They d id  not  f i n d  an i n t r i n s i c  frequency e f fec t  

a l ,  i n t r i n s i c  frequency 

1 oys . 
Schijve ( re f .  9) studied 

Hz on fat igue crack 

wet a i r  (100% re la t i ve  

Far 2024-T3 they found 

erated as frequency was 

i n  DTD 5070A, a clad A1-Cu-Mg a l loy.  I n  gene 

effects have not been reported f o r  aluminum a 

Ha-tman, e t  a l .  ( re f .  8)  and !!artman and 

t+e e f f e c t  o f  frequencies ranging from 0.5 t o  

propagation rates i n  c lad 2024-T3 and 7075-T6 

57 

i n  

humidity) and dry a i r  (0.05% re la t i ve  humidity). 

that  crackfng rates a t  low AK values were acce 



lowered I n  both wet and dry a i r  and tha t  the e f fec t  became progressively 

smaller as AK became larger. The magnitude o f  the e f f e c t  was much 

greater i n  dry a i r  than i n  wet a i r ;  a t  low AK values i n  dry ai r ,  

cracking rates a t  0.5 Ht were more than ten times higher than a t  57 Hr, 

but I n  wet a i r  the dif ference was only a factor o f  two. Simi lar  trends 

were observed f o r  7075-T6 except t h a t  i n  M e t  a i r  l i t t l e  f requczq  e f f e c t  

was found a t  low AK values, and the maximum effect ,  'abodt a fact  f 

two between the frequency extremes, occurred a t  intermediate AK E. 

Wei (ref. 46) and Wei and Landes ( r e f .  48) tested 7075T651 a t  5 H r  and 

143 H t  i n  dry argon (dew point  - 133 K) and d i s t i l l e d  water. They found 

tha t  there was no frequency e f f e c t  on fat igue crack propagation rates i n  

dry argon and only a small e f fect  i n  d i s t i l l e d  water. 

Bradshaw and Wheeler (ref .  12) investigated the ef fect  o f  frequency 

on fat igue crack propagation rates i n  DTD 5070A i n  laboratory a i r  and 

pure water vapor environments. They found l i t t l e  change i n  cracking 

rates i n  a i r  a t  1/60 Hz and 1 Hz, but rates a t  these frequenc!es were 

s m h d t  higher than rates measured a t  100 Hz. 

pressure they found that frequencies of 1 Hz and 100 Hz produced l i t t l e  

overal l  di f ference i n  cracking rates. However, they found tha t  

frequency had a pronounced e f fec t  on the c r i t i c a l  water vapor pressure 

where fat igue crack propagation rates acceicrate markedly over the rates 

i n  hard vacuum. FPi.  a AK o f  12 Mf4/m3/*, the c r i t i c a l  water vapor 

pressure a t  100 Hz was approximately 65 !'a, which was two orders o f  

magnitude higher than the c r i t i c a l  pressure a t  1 Hz. 

I n  2 kPa water vapor 
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Sumnarizing the e f f e c t  o f  frequency, no e f f e c t  i s  observed on 

fat igue crack propagation rates i n  i n e r t  environments such as hard 

vacuum o r  dry argon f o r  most aluninun alloys. That i s ,  most aluminum 

al loys are not i n t r i n s i c a l l y  loading ra te  sensitive, and, therefore, 

observed frequency ef fects  ate environmentally induced. The e f f e c t  o f  

frequency I s  generally small i n  l i q u i d  water and a t  high water vapor 

pressure levels i n  gaseous environments. However, a t  intermediate levels 

of pure water vapor or i n  p a r t i a l l y  saturated gaseous environments, the 

frequency e f f e c t  can be large i n  cer ta in  a l loys and i s  a function o f  the 

water vapor pressure. Frequency strongly af fects  the c r i t i c a l  water 

vapor pressure o r  t rans i t i on  zone where cracking rates begin t o  

accelerate. 

Mechanisms.- Over the years, many mechaiisms have been proposed t o  

account f o r  the acceleration o f  aluminum a1 loy fat igue crack propagation 

rates by water vapor. These mechanisms generally f a l l  i n t o  three 

categories: coldwelding, oxidation, and hydrogen embri t t l e m n t .  

A1 though coldwelding and oxidation mechanisms are nag discounted, a 

discussion o f  them i s  included here f o r  completeness. 

Coldwelding i s  a Joining phenomenon that  occurs when clean metal 

surfaces bond together simply by the application o f  pressure. Wadsworth 

and Hutchings ( re f .  5) proposed that the rapid coverage o f  f reshly 

exposed surface by adsorbed gas molecules during fat igue cracking a t  

higher gas pressures would prevc - t  the coldwel ding o f  s u r f x e s  tha t  

probably occurred under hard vacuum conditions. 

prevention o f  coldwelding would produce higher fatfgue crack growth 

rhey suggested the t  
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rates i n  gaseous environments than i n  hard vacum. 

a lminrm surfaces produced by fat igue 11: hard vacum should re ra in  clean 

enough t o  prolnote coldwelding. Previcusly cracked surfaces contact each 

other (crack closure) during the unloading port ion o f  a fa t igue cycle 

even under pos i t ive stress ra t i ds  (ref. 49), and the coarpressive stresses 

i n  the crack wake are su f f l c ien t  t o  cause reversed y ie ld ing  (ref. 50). 

Under stresc -s o f  t h i s  magnitude, coldwelding o f  f reshly  exposed, clean 

a lminun surfaces produced by fat igue i n  hard vacuum may be pneoted. 

Nevertheless, the prevention o f  c o l c k l d i n g  a t  higher gas pressures does 

not explain why water vapor great ly  accelerates fa t i gu t  crack propatation 

and dry noble gases, dry a i r ,  and dry oxysen do not. Rapidly fonned 

adsorbed gas lqyers or oxide f i lms  should prevent coldwelding i n  these 

dry gases. However, fat igue crack propagation rates i n  these dry gases 

a t  atmospheric presbure are roughly equivalent t o  the rates i n  hard 

vacum. 

Freshly exposed 

Proposed oxidation mechanisms involve e i ther  the promotion o f  

d is locat ion pileups or the el iminat ion o f  s l i p  reversal by oAide films. 

Shen, Podlaseck, and Kramer ( re f .  42) suggzsted that  fat igue crack prop- 

agat-:on rates were higher i n  a i r  than vacuum because o f  reduced dis- 

locat ion mobi l i ty  i n  a i r .  

occurred more easi ly i n  a i r  due t o  the presence o f  an oxide f i l m  on the 

surface o f  the aluminum. Their proposal was based on dis locat ion theory 

and on the assumption that  the oxide formed has a higher e las t i c  modulus 

thhn the base metal. Dislocation theor j  indicates that dis lccat ions i n  

a lmer moulus m a t e r i a l  approaching an interface w i t h  a higher modulus 

They proposed tha t  dis locat ion pileups 
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material w i l l  be repelled a d  cause a d is locat ion p i leup near the 

interface (ref. 51). Such pileuQt could r e s t r i c t  p l a s t i c  deformation 

i n  the v i c i n i t y  o f  the crack t i p  and accelerate fat igue crack prop 

agatlon. However, invest igat ions o f  the e las t i c  propert ies o f  oxide 

fllm forued 011 a l u t n m  surfaces by Grosskreutz (ref. 52) and Brrdhurst 

and Leach (ref. 53) showed that  these oxide f i lm possess a lower, not 

higher, e las t i c  mdulus than the base a l m i n u .  The oxide f i l m  would, 

therefore, tend to increase rather  than decrease d is locat ion .obilityo 

Grosskmutz and B a r k  (mf. 54) proposed tha t  oxide f i lm f o d  

.In a i r  would i n h i b i t  reverse s l i p  during load reversal i n  fatigue, As 

a consequence higher fat igue crack propagation rates would resu l t  fn 

the accelerated fomat ion o f  s l l p  steps and dis locat ion dipoles. Con- 

versely, fatigue crack propagation rates would be reduced i n  vacuum 

since reverse s l i p  could occw more read i l y  w i th  no oxide f i l m  present 

and fewer s l i p  steps and d is locat ion dipoles would be formed. Hawever, 

t h i c  mechanism o r  any other oxidat ion mechanism seems t o  have l i t t l e  

relevance t o  the r o l e  o f  water vapor when the bulk o f  the experimental 

evidence i s  considered. Even though dry owgen oxidizes alutninun a l loys 

readi ly, the presence o f  ovgen alone does not accelerate fat igue crack 

propagation except, perhaps, i n  nearly pure aluminum where the e f fec t  i s  

small. On the other hand, aluninun a l l o y  fat igue crack propagation 

rates are accelerated s im i la r l y  i n  a i r ,  nitrogen, and oxygen whenever a 

c r i t i c a l  p a r t i a l  pressure o f  water vapor i s  also present. 

Broom and Nicholson ( re f .  7) proposed that  nydrogen embr i t t lemi i t  

was the cause o f  shortened fat igue l i f e  i n  humid environments. They 
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speculated tha t  adsorbed water vapor reacted w i th  clean aluminum e i the r  

a t  s l i p  steps or a t  the crack t i p  t o  produce hydrogen ions which d i f fuse 

i n t o  the metal. They suggested tha t  crack i n i t i a t i o n  would be assisted 

by the buildup o f  pressure i n  voids and tha t  crack propagation rates 

could be accelerated by t h i s  pressure mechanism. Sradshaw and Wheeler 

(ref. 10) suggested tha t  some form o f  hydrogen enhrittlement mhan ism 

was responsible f o r  the acceleration o f  aluminun a l l o y  fa t igue crack 

propagation rates by water vapor. They showed tha t  such a mechanism was 

canpatible w i th  the observed signoidal var ia t ion i n  crackiog rates w i th  

water vapor pressure when the ra te  o f  d i f f us ion  o f  water vapor toward 

the advancing crack t i p  was taken i n t o  account. They fu r ther  showed 

(ref. 12) tha t  the var iat ions i n  c r i t i c a l  water vapor pressure and 

cracking rates w i th  loading frequency supported a dynamic adsorption 

model. A t  a par t i cu la r  value of AK, c r i t i c a l  cracking ra te  appeared 

t o  be proportional t o  the water vapor pressure div ided by the frequency 

which suggested tha t  the observed frequenl,. e f f e c t  was a resu l t  o f  the 

difference i n  time avai lable for  water vapor t o  react w i th  f reshly  

created surface o f  the advancing crack. 

As a resu l t  o f  a study o f  environmental e f fec ts  on fa t igue crack 

propagation rates i n  6.4 mn th ick 7075-T651 over the temperature range 

from 295 t o  380 K, Wei ( re f .  46) a lso concluded tha t  the acceleration o f  

cracking rates by water vapor was caused by hydrogen embrittlement. He 

supported the contention that  stress i n tens i t y  was increased by a buildup 

o f  hydrogen pressure in the p las t i c  zone ahead o f  the crack t i p .  He 

showed that  fat igue crack growth I n  water ,  as wel l  as i n  dry gaseous 
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environments, was control led by thermally act ivated processes, with 

apparent ac t i va t ion  energies that  were strongly dependent on AK. F m  

the comparison o f  apparent ac t i va t ion  energies i n  water and dry gaseous 

environments he concluded that  the mechanical process o f  creat ing new 

crack surface was the ra te  cont ro l l ing  process a t  low crack propagation 

rates (10-8-10-7 m/cycle). He speculated tha t  a t  higher cracking rates 

e i ther  the d i f fus ion of water vapor t o  the crack t i p  o r  the d i f f us ion  

and recothination o f  hydrogen ions i n  the region ahead o f  the crack t i p  

might become the ra te  cont ro l l ing  process. 

Di rect  evidence o f  hydrogen evolut ion during the fat igue o f  

aluininun a l loys i n  a i r  was provided by Holshaus?r and Bennett (ref.  55). 

They found tha t  hydrogen was evolved only i n  the most highly stressed 

region during bending and torsional  fat igue o f  several aluminum al loys 

but that  no gas was evolved during s t a t i c  bending o r  tors ion even i n t o  

the p l a s t i c  range. Hydrogen evolut ion began before cracks were 

detectable when nunerous s l i p  bands were present on the surface, and the 

ra te  of hydrogen evolut ion increased when cracks were f o m d .  No gas 

evolut ion was detected during fat igue a t  stresses too low t o  i n i t i a t e  

cracking. They concluded tha t  the source o f  hydrogen was a reaction 

between aluninum and water vapor i n  the a i r  and not hydrogen previously 

contained i n  the metal. Montgrain and Swann ( re f .  56) reported the 

release o f  hydrogen during sustained load in te rgranwlar  f racture o f  an 

A1-tn-l4g a l l oy  i n  vacuum a f t e r  unstressed pre-exposure :o a i r  saturated 

wi th  water  vapor a t  room temperature. On the basis o f  the fractographic 

evidence and a compmison o f  resul ts  a f t e r  pre-exposure t o  dry a i r  and 
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moist a i r ,  they concluded tha t  embrittlement had occurred as a r e s u l t  o f  

grain boundary d i f f us ion  o f  hydrogen during pre-exposure i n  m i s t  a i r  

and t h a t  hydrogen previously present i n  the metal played no s ign i f icant  

role. 

In the past aluniinun d l l O y S  were not  generally considered t o  be 

suscept i t le t o  hydrogen embri ttlement, and suggestions t h a t  hydrogen 

o l a y a ~  any s ign i f i can t  role i n  the environmental crack, 5 of  aluminun 

a l loys were considered dubious. 

been shown t o  have l i t t l e  e f f e c t  even a t  high pressure on the tens i l e  

properties (refs. 57, 58) of aluminum al loys o r  on t h e i r  crack 

propagation rates under sustdined loads (refs.  58 - 60) o r  fat igue 

loading (refs. 7, 10, 45, 46). 

Troiano (refs.  61, 62) demonstrated tha t  7075-1651 can be embri t t led 

by cathodic charging wi th  hydrogen. They showed that  the embri t t le-  

ment was reversible and varied wi th  s t r a i n  ra te  and temperature 

i n  a manner character ist ic o f  hydrogen embrittlement i n  other 

materials. Considering a var ie ty  o f  experimental results, Spiedel 

( ref .  63) concl uded unequivocal ly  tha t  hydrogen can reversibly embri ttl e 

aluminum al loys when i t s  fugacity i s  high enough t o  dr ive d i f f u s i b l e  

hydrogen i n t o  the l a t t i c e .  He also concluded that  hydrogen embrittlement 

can cause both fntergrannular and transgranul, 

al loys. Additional evidence o f  reversible aluminum a l l o y  embrittlement 

by cathodic charging w i th  hydrogen has been provided by Albrecht and h i s  

coworkers (refs.  64-66) and Jacko atid Duquette ( re f .  67) whose resul ts  

To be certain, dry hydrogen gas has 

However, research by Gest and 

crack growth i n  aluminum 



or. 7075 i n  a var ie ty  o f  heat treatments c o n f i m  the e a r l l e r  f indings o f  

Gest and Troiano (refs.  61, 62). 

Any hydrogen embrittlement mechanism proposed t o  account f o r  the 

acceleration o f  fatigue crack propagation by water vapor nust necessarily 

involve a series of sequential o r  concurrent steps o r  processes which 

have been described by Marcus (ref. 68) f o r  the general case o f  gas-metal 

interact ions during fatigue. These processes are i 1 lust ra ted schemat- 

i c a l l y  i n  f i gu re  3, which i s  based on an i l l u s t r a t i o n  i n  reference 69 

for interact ions between ferrous a l loys and hydrogen bearing gases. 

Following gas phase transport t o  the crack t i p  region, molecular water 

must be physical ly adsorbed onto the surface. The next step, which i s  

schematically ca l led dissociat ive chemical adswption, my involve a l l  

o f  the fo l lowing processes: molecular chemical adsorption, d issociat ion 

o f  the adsorbed molecules, and atomic chemical adsorption. 

case the adsorbed water vapor reacts w i t h  the f reshly  produced aluminum 

crack surface t o  produce an oxide o r  hydrated oxide f i l m  and l iberates 

atomic o r  i on i c  hydrogen. The hydrogen then enters the aluminum and i s  

transported t o  the locat ion where the embrittlement mechanism i s  

operative. Transport o f  the hydrogen i n t o  the i n t e r i o r  o f  the metal 

ahead o f  the crack t i p  may be caused by normal bulk dif fusion, pipe 

d i f f us ion  through the dense dis locat ion network a t  the crack t i p ,  and 

sweep i n  by mobile dislocations (ref .  27). 

I n  any 

Wei, e t  a l .  ( r e f .  47) investigated fat igue crack propagation i n  

2219-1851 a t  various wiiter vapor pressure levels and performed surface 

chemistry studies o f  the reaction o f  w a t w  vapor wi th  clean 2219 
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surfaces. They correlated these resul ts  w i th  a "pseudo s t a t i c "  one- 

dimensional model (ref .  70) o f  environnent assisted fat igue crack growth 

which included both gas phase transport t o  the crack t i p  and surface 

reaction kinetics. They showed that  acceleration o f  the cracking ra te  

by water vapor was contro l led by the ra te  o f  transport o f  water vapor 

t o  the crack t i p  rather than the aluminum water vapor reaction kinetics. 

A previous study of fat igue crack growth i n  4340 steel  exposed t o  water 

vapor by Pao, Wei, and Wei ( re f .  71) had concluded that  i n  t h i s  instance 

the cracking ra te  was l i m i t e d  by the surface reaction kinetics. We:, 

e t  ai.  (ref. 47) a t t r i bu ted  the contrasting resul ts  t o  an extremely 

large dif ference i n  the reaction rate constants f o r  aluminum al loys and 

steel w i th  water vapor. 

acceleration o f  cracking ra te  by water vapor occurred as a r e s u l t  o f  

hydrogen embri t t 1 ement . 

I n  both cases, hwever, they suggested tha t  the 

The case f o r  s m e  form o f  hydrogen embrittlement as a mechanism t o  

account f o r  the acceleration o f  aluminum a l l o y  fat igue crack propagation 

by water vapor i s  large ly  c+rcums:antial. A specif ic hydrogen embrit t le- 

ment mechanism i n  aluminum al loys remains unidenti f ied. However, the 

dissociat ive reaction o f  water vapor wi th clean aluminun surfaces during 

fat igue provides a source o f  d i f f u s i b l e  hydrogen, and the reversible 

embrittlement o f  7075 aluninum by cathodic charging with hydrogen has 

been demonstrated. As opposed t o  the coldwelding and oxidation 

r'iechanisms, a hydrogen e h r i t t l e m e n t  mechanism i s  not a t  odds w i th  the 

observed fat igue crsck propagation behavior o f  aluminum al loys i n  a wide 

var iety o f  gaseous environments. 
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MATtRIAL, SPECIMENS, EQUIPHENT, AND PROCEDURE 

Materi a1 and Specimens 

The material used i n  t h i s  study was aluminum a l l oy  7475-T651 whose 

chemical composition, as reported by the manufacturer, i s  shown i n  

Table 1. A l l  specimens were cut f r o m  a s ingle 25.4 mn th i ck  p la te  o f  

the al loy. Metallographic cross sections showing the microstructure o f  

the p la te  are shown i n  f igure 4. 

modulus and mechanical propert ies were determined f r o m  tens i l e  tests on 

standard 12.7 mn diameter tens i l e  specimens. These data and the frac- 

turn properties o f  the p la te  reported by the manufacturer are shown i n  

Table 2. Standard compact (CT) specimens were machined from the p la te 

i n  LT and TL orientat ions f o r  use i n  fat igue crack propagation experi- 

ments. The specimen configuration i s  shown i n  f igure 5. E l e c t r i c  

discharge machining was used t o  produce the sharp (radius 2 80 pm), 

s t ra igh t  through notch. Specimen thickness, B, was nominally 

25 mm, and i n i t i a l  a/W ra t i os  of 0.45 and 0.50 were used. 

Longitudinal and transverse e l a s t i c  

Environmental-Fatigue Testing System 

Fatigue crack propagation experiments were performed i n  an environ- 

mental-fatigue test ing system. Basically, the system consisted of an 

environmental chamber mounted on a servocontrol led, closed-loop 

hydraul ical ly actuated test ing machine. 

enclosed the machine's specimen mounting apparatus including the 

specimen grips and the upper portions o f  the loading ram and load- 

reaction frame. 

The envi ronrl;ntal chamber 

LoPds rere transmitted t o  the upper port ion o f  the ram 
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through a bellows i n  the chamber wall  and were monitored by the output 

o f  a load c e l l  located outside the chamber but i n  series w i th  the speci- 

men. This arrangement required that  the load c e l l  output be adjusted t o  

account f o r  the pressure d i f f e r e n t i a l  inside and outside the chamber. 

The environmental chamber was a ve r t i ca l  stainless-steel cyl inder with 

a horizontal part ing plane i n  the middle for access. E i ther  vacuum o r  

control led gaseous environments can be maintained w i th in  the chaa3ber. 

A & t a i l e d  descript ion o f  the vacuum-pumping and pressure-control sub- 

systems i s  given i n  reference 37. 

Environmental Control and Monitoring 

Experiments were performed a t  ambient temperature i n  three types o f  

environments: 

mixtures o f  water vapor and nitrogen a t  water vapor pressures ranging 

from 94 Pa t o  3.8 kPa. For laboratory a i r  tests  the top h a l f  o f  the 

environmental chamber was l i f t e d  so that  the specimen was exposed t o  the 

ambient laboratory environment. The water vapor level  i n  laboratory a i r  

was not control led o r  monitored, but r e l a t i v e  humidity generally ranges 

f r o m  40 t o  80% i n  t h i s  laboratory. 

(1)  laboratory a i r ;  (2)  a vacuum of 130 pPa; and ( 3 )  

For vacuum tests the chamber was i n i t i a l l y  evacuated t o  a pressure 

of 70 pPa. The pressure was then adjusted and maintained a t  130 WPa by 

an automatic pressure control u n i t  which admitted appropriate quanti t i e s  

o f  a i r  while the chamber was continuously pumped. 

spectrometer residual gas analyzer was used t o  determine the composition 

o f  the vacuum environment. No sign! icant contaminants were detected, 

A quadrapole mass 
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and the predominant cmponent of the residual gas i n  the chamber was 

water vapor. 

For the water vapor-ni trogen environments, the chamber was i n i t i a l l y  

evacuated t o  a pressure o f  130 pPa o r  less and was back f i l l ed  wi th  a 

water vapor-nitrogen mixture imnediately a f t e r  stopping the pumps. T,.e 

water vapor-ni trogen mixtures were obtained by bubbl ing high-puri ty 

nitrogen gas through a heated column o f  d i s t i l l e d  water. Mass spectro- 

metry and flame ion izat ion gas chromatography showed tha t  the nitrogen 

contained no s ign i f i can t  contaminants and tha t  the t o t a l  hydrocarbon 

content as methane was less than one par t  per m i l l i on .  Total chamber 

pressures which would y i e l d  the desi red water vapor p a r t i a l  pressures 

were determined by experiment. 

appropriate t o t a l  pressure, conditions hi t h i n  the chamber were Tllowed 

t o  s tab i l i ze  f o r  approximately one hour before beginning a fat igue 

experiment. Total pressur2, dew point, and dry bulb temperature w i th in  

the chamber were monitored continuously by an electronic manometer, a 

hygrometer, and a copper-cons tantan thermocouple, respect1 vely. 

Af ter  f i l l i n g  the chamber t o  the 

Fatigue Testing Procedure 

Fatigue crack propagation experiments were performed under constant 

amplitude loading a t  R = 0.2 under load control.  Using a sinsusoidal 

waveform, tests were performed a t  frequencies o f  1 Hz and 10 Hz. I n  

most tests maximum and minimum loads were set t o  produce an i n i t i a l  

s t r e s s  in tens i ty  range, AKo, o f  8.8 t ~ l N / m ~ ’ ~ .  However, two t e s t s  were 

performed i n  vacuum wi th  AKo = 17.6 MN/m3/*. Pr io r  t o  carrying out 



31 

tests  

a i r  t o  

n vacuum and water vapor, specimens were fa t  

extond a s ta r te r  crack about 1.3 nm from the 

quent tes t ing  was performed without in te r rup t ion  t o  

n laboratory 

t i p .  Subse- 

t rans ient  

effects on crack propagation rate.  To avoid notch geometry ef fects  

crack propagation data were ignored u n t i l  a crack had extended a t  leas t  

3 mn from the notch t i p .  

gued 

notch 

avoid 

Due t o  the large displacements involved a t  lang crack lengths, 

constant amplitude loading conditions could not be maintained i n  the 

l a t t e r  portions o f  the tests. Maximum deviat ion from target AP was 

about 6% i n  the 1 Hz tests and 30% i n  the 10 Hz tests. Load-time 

records taken throughout each t e s t  were used f o r  calculat ions o f  crack 

growth rates and stress in tens i ty  factors. 

Crack Length, Crack Propagation Rate, and Stress 
In tens i ty  Determinations 

Ef fect ive crack lengths were determined continuously during fa t igue 

tes t ing  by the compliance method. The crack-opening displacement a t  the 

crack mouth, V,  was monitored by a c l i p  gage mounted on the specimen's 

in tegra l  kn'fe edges. The c l i p  gage and load c e l l  signals were fed t o  

peak-reading d i g i t a l  vol trneters f o r  determination o f  the maximum and 

minimum displacements and loads occurring during fa t igue cycling. 

output o f  the voltmeters was per iod ica l l y  recorded by a d i g i t a l  

p r i  n te r  . 

The 

Values o f  the e f fec t i ve  crack length were calculated from the 

compliance ca l ib ra t ion  equation 
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3 
a/W = bj[ln(EBAV/AP)]j 

j =O 

where bo = -1.0429, bl = 0.5609, b2 = -0.0470, and bg = 0.0008. (Note 

tha t  e i t he r  V/P  o r  AV/AP may be used i n  t h i s  equation since the 

relat ionship between V and P i s  l inear.)  Equation (7) i s  based on a 

theoret ical  calculat ion o f  compliance o f  the CT specimen configuration 

by Newman ( re f .  72). The basis for t h i s  equation and a comparison o f  

theore t ica l l y  and experimentally determined compliance i s  given i n  the 

Appendi x. 

Fatigue crack propxigation rates were calculated by a secant aver- 

aging method. Conceptually, fat igue crack propagation rate i s  defined 

as the der iv ia t i ve  o f  the a versus N curve. However, a versus N 

data usually consist o f  d iscrete data points, and da/dN must be 

determined by an in terpolat ion scheme. 

reported herein were calculated by averaging the secants between three 

sequential a,N data points. For the i t h  data po int  

The crack propagation rates 

a. -a 
1 i -1  a i + l - a i  

Ni -N i - 1  N i t l - N i  
2 

da/dN = 

Of course, da/dN was not calculated for e i the r  the f i r s t  o r  l a s t  crack 

lengths. 

Stress in tens i ty  factors were computed using the expression f o r  the 

CT specimen configuration f r o m  reference 73 
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2 3 4 0.866 + 4.64; - 13.327 a + 1 4 . 7 2 5  - 5.91 (9) 
W W 

P 

Fractographi c Characteri t a t i o n  

Fracture surface morphology was characteri Led using scanning 

e lect ron microscopy. 

moved from the environmental fa t igue tes t ing  system, f racture surfaces 

were sprayed with a c lear  ac ry l i c  lacquer t o  prevent contamination. 

The lacquer was removed p r i o r  t o  microscopic examination by u l t rasonic  

cleaning i n  acetone. 

Imnediately a f t e r  the broken specimens were re- 
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RESULTS AND DISCUSSION 

Fatigue Crack Growth Behavior 

The fat igue crack growth data obtained iri t h i s  study were correla- 

ted using Paris'  crack growth law, equation (3 ) .  Data from rep?icate 

tests wer? correlated as a s ingle set. 

stants C and n were determined f o r  each t e s t  condit ion by f i t t i n g  the 

equation t o  the data by the method o f  least  squares. As noted pre- 

viously, s ign i f i can t  deviations fr im constant amplitude loading condi- 

t ions occurred a t  long crack lengths. To avoid any ef fects  o f  these 

loading errors, the correlat ions were l im i ted  t o  data f o r  crack lengths 

where the loading errors were small. A load deviat ion o f  1% o f  target 

AP was allowed i n  correlat ions o f  1 Hr data, and a 5% deviat ion was 

allowed i n  correlat ions o f  10 Hz data. Values o f  C and n f o r  each tes t  

condit ion a r e  l i s t e d  i n  table 3. As can be seen i n  many o f  the f igures 

tha t  follow, equation (3)  f i t s  the data w e l l  a t  low t o  muberac: values 

o f  AK. 

Values o f  the empirical con- 

Vacuum.- Figure 6 shows the var iat ion o f  da/dN with AK for the TL 

or ientat ion i n  a vacuum o f  130 pPa a t  frequencies o f  1 Hz and 10 Hz. 

A s imi lar  p l o t  o f  the var ia t ion o f  da!dN with AK f o r  the LT orienta- 

t i o n  under the same vacuum and frequency conditions .is shown i n  f igure 

7. No discernible dif ference i n  the cracking rates a t  the two frequen- 

cies was observed f o r  e i ther  orientat ion. 

The var ia t ion o f  da/dN w i th  AK f o r  the 

pared i n  f igures i) and 9 f o r  freqiiencies o f  

i ve l y .  Cracking rates f o r  the two or ientat  

two or ientat ions i s  com- 

1 Hz and 10 Hr, respect- 

ons were nearly ident ica 
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3 t  low AK values. Although cracking rates f o r  the TL or ientat ion were 

somewhat higher than those for the LT or ientat ion a t  high AK values, 

l i t t l e  difference i n  the cracking rates was observed except a t  AK 

values i n  excess o f  20 IJY/~~''. Since the fat igue response for the two 

orientat ions was generally s im i la r  i n  vacum, only the LT or ientat ion 

was used i n  the experiments i n  other environsents. 

Laboratory air . -  Figure 10 shows the var ia t ion o f  da/& r i t h  AK 

i n  laboratory a i r  a t  frequencies of 1 Hz and 10 Hz. 

cracking ra te  a t  1 Hz t o  that  a t  10 Hz was about 1.4 a t  low AK values 

and increased t o  about a factor  o f  2 a t  high AK values. Since the 

The r a t i o  of the 

ambient laboratory environment was purposely uncontrolled, a large change 

i n  water vapor pa r t i a l  pressure i n  the a i r  was l i k e l y  from one t e s t  t o  

t i e  other. The 1 Hz and 10 Hz tests  were performed during differcent 

seasons o f  the year. 

higher i n  the season when the 1 Hz tes t  was perfonned than i n  the season 

when  he 10 Hz t es t  was performed. As a consequence the di f ference i n  

the cracking rates observed i n  these tests i s  more l i k e l y  the resu l t  o f  

environmental var iat ionr rather than the change i n  f reqmcy .  

a t ion o f  da/dn with 3K i n  laboratory a i r  i s  compared t o  that  i n  

vacuum i n  figures 11 and 12 f o r  frequencies o f  1 Hz and 10 Hz, respec- 

t ive ly .  A t  1 Hz the cracking r s te  i n  laboratory a i r  was about 3.5 t imes 

higher than the cracking ra te  i n  vacuum over the en t i re  range of AK 

values. However, a t  10 Hz the r a t i o  o f  the cracking ra te  i n  laboratory 

Prevai l ing re la t i ve  humidity i s  s ign i f i can t l y  

The var i -  

a i r  t o  that  i n  !uLuum decreased from about O factor  of 3 a t  low AK 

values t o  about a f a c t o r  o f  2 a t  high GK values. 
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Mater vapor.- The var ia t ion o f  da/dN with AK for various water 

vapor pressures a t  frequencies of 1 Hz and 10 Hz i s  presented i n  f i g -  

ures 13-18. These water vapor pressures range from 94 Pa t o  3.b kPa 

and correspond t o  r e l a t i v e  hunid i t ies ranging from about 4% a t  22OC 

t o  about 1 9 E  a t  28OC. 

e f f e c t  o t  frequency on fat igue crack growth rates a t  these water vapor 

pressures was ins i yn i f i can t .  Figure 13 shows the var ia t ion o f  da/& 

with AK f o r  various water vapor ~r t rssures  and i n  vacuum a t  a frequency 

o f  1 Hz. A t  l ow  .SK values cracking rates a t  the lowest and highest 

water vapor pressures were, respectively, about two times higher and 

f i v e  times higher than the crackins rates i n  vacum. A t  high AK valuer 

cracking rates a t  the lower uater vapor pressures tended t o  converge 

with rates i n  vacuum, but cracking rates a t  the higher water vapor 

pressures remained substant ia l ly  higher than the rates i n  vacum. As 

can be ;eon i n  f igure 20, the general trecds i n  the fatigue crack 

behavior a t  10 Hz were s imi lar  t o  the trends ooserved a t  1 Hz. 

On the whole, these resul ts  indicate tha t  the 

The var iat ion o f  Ja/dN with water vapor pressure a t  four :5K 

levels i 5  shown i n  t igure 21. 

are p lo t ted as i f  the t o t a l  pressure w r e  due t o  water vapor only. 

effect of water vapor on fat igue c r x k  Srowth rates was qua l i t a t i ve l y  

s imi lar  -+ each AK level .  Even a t  the lowest water vapor pressure 

used i n  these tests, a r e l a t i v e l y  dry condition, a s ign i f icant  e f f e c t  o f  

water vapor on cracking rates was observed. 

cracking rates occurred over the water vapor pressure range from Y4 Pa 

Crack growth i J t 3  obtained i n  hard vacuum 

The 

L i t t l e  change i n  the 
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t o  1.03 kPa. However, an abrupt acceleration i n  cracking rates was 

observed a t  higher water vapor pressures. 

These resu l t s  suggest t ha t  corrosion fat igue o f  7475-T651 i n  water 

vapor i s  not a simple in teract ion o f  mechanical fatigue and stress 

corrosion cracking but  i s  more l i k e l y  the r e s u l t  o f  a more conplex 

phenanenon. Although fatigue crack growth rates were as much as f i ve  

times higher i n  water vapor than i n  hard vacuum, rates i n  water vapor 

were unaffected by a ten f o l d  change i n  frequency. 

of fatigue crack growth rates i n  water va,mr were a resu l t  o f  stress 

corrosion cracking, fat igue crack growth rates should have been higher 

a t  1 Hz than 10 Hz. However, addit ional experiments over a w i d e r  range 

of frequencies would be necessary t o  determine f u l l y  whether stress 

corrosion cracking af fects  the corrosion fat igue o f  7475-T651 i n  water 

vapor. 

I f  the acceleration 

Bradshaw and Wheeler ( re f .  12) studied the e f f e c t  o f  pure water 

vapor on fat igue crack growth i n  1.6 mn th i ck  specimens of allninum 

a l l oy  DTD 5070A. Wei e t  a l .  ( r e f .  47) performed a s im i la r  study using 

16.5 mn th ick  specimens of aluminum a l l o y  2219-T851. The present re- 

su l t s  f o r  7475-T651, an Al-Zn-Mg-Cu al loy,  are compared t o  the resul ts 

f o r  DTD 5070A i n  f igure 22 and t o  the resul ts  f o r  2219-T851 i n  f igure 

23. 

cracking rates were v i r t u a l l y  unaffected by water vapor u n t i l  a thresh- 

o l d  pressure was reached. 

reached a maximum value a t  a pressure only one order o f  nagnitude 

higher than the threshold pressure. 

For DTD 5070A and 2219-1851, both o f  which a r e  AI-Cu-Mg alloys, 

Cracking rates then increased rap id ly  but 

For DTD 5070A t h i s  t rans i t i on  i n  
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cracking rates was found t o  be sensi t ive t o  a change o f  frequency; a 

100 f o l d  increase i n  frequency produced a two orders o f  magnitude in -  

crease i n  the threshold water vapor pressure. While the present re- 

su l t s  for  7475-T651 ind icate tha t  3 cracking ra te  t rans i t i on  accurs a t  

water vapor pressures less than 94 Pa, a second, frequency-insensitive 

t rans i t i on  i n  cracking rates was observea a t  high water vapor pressures. 

This second t rans i t i on  i n  cracking rates fo r  7475-T651 occurred a t  

water vapor pressures i n  excess o f  the highest pressures a t  which DTD 

5070A and 2219-T851 were tested. 

Fractographic Characterization 

Fracture surfaces o f  specimens fat igued i n  hard vacuum and a t  

various water vapor pressures were characterized i n  an attempt t o  

corre la te f racture morphology w i th  env i rommta l  interact ion.  Macro- 

scopically, the f racture morphology of specimens tested i n  vacuum con- 

t rasted sharply w i th  tha t  o f  specimens tested i n  water vapor. As i l l u s -  

t ra ted  i n  f igure 24, the f racture morphology o f  specimens tested i n  

vacuum varied across the thickness o f  the specimens. Compared t o  the 

mid-thickness region, the f racture surface near the edges was h igh ly  

roughened or rumpled. With increasing AK the roughened portions o f  

the f racture surface grew toward the center. This change i n  morphology 

from the center t o  the edges indicates a change i n  fatigue crack propa- 

gation mode associated with a change of stress s tate along the crack 

f ront.  

t o  the applied load axis, the crack propagated predominantly i n  the 

I n  the mid-thickness region where the fracture plane was normal 



39 

opening ( tens i le )  me. However, the h igh ly  roughened surface i nd i -  

cates tha t  the crack propagated i n  a mixed opening/sliding ( tens i le /  

shear) mode i n  the near-edge regions. 

Figure 25 shows opt ica l  macrographs of specimens tested a t  l o w  and 

high water vapor pressures. Compared t o  specinens tested i n  vacuum, 

these specimens exhibi ted a more uniform f racture morphology across the 

thickness. Although some roughening o f  the near-edge regions was exhi- 

b i t e d  by specinens tested a t  low water vapor pressure (See f i g .  25(a).), 

the process began a t  higher AK values and involved much less o f  the 

fracture surface. L i t t l e  evidence o f  f racture surface roughening was 

found on specimens tested a t  h igh water vapor pressures (See f i g .  

25(b).), but  crack f r o n t  curvature was noticeable a t  high AK values. 

Differences i n  the amount o f  residual deformation on the f racture 

surfaces of specimens tested i n  water vapor and vacuum may be evidence 

o f  an environmntal  in te rac t ion  w i th  the p l a s t i c  zone ahead of the 

crack t i p .  

mens tested i n  water vapor may be the resu l t  of p las t i c  zone e h r i t t l e -  

ment. The greater deformation on the fracture surfaces o f  specimens 

tested i n  vacuum may have caused crack closure a t  higher loads which 

might account f o r  the differences i n  fat igue crack growth rates i n  

vacuum and water vapor. 

Reduced deformation on the f racture surfaces of the speci- 

A t  r e l a t i v e l y  low magnification i n  the scanning electron micro- 

scope, the f racture morphology o f  specimens tested i n  water vapor was 

generally s i m i l a r  t o  that  o f  specimens tested i n  vacuum. As shown i n  

figurn 26, the most prominent features a t  low AK values were fat igue 



plateaus and tear ridges. A t  h igh AK values (See f i g .  27.) fa t igue 

plateaus were less prevalent. The f racture surfaces were mre highly  

deformed, and large secondary cracks were coRIpDn. S m a l l  patches o f  

f i n e  dimpled rupture were found a t  hi51er magnification as shown i n  

f igure 28. 

Fatigue s t r i a t i ons  were found on the f racture surfaces o f  speci- 

mens tested i n  water vapot and vacuun. However, as shown i n  f igure  29, 

t h e i r  appearance was qu i te  d i f fe ren t .  Fatigue s t r i a t i ons  formed i n  

water vapor were c lass ic  i n  appearance, but s t r i a t i o n s  formed i n  vacuum 

were poor ly defined and much less prevalent on the f racture surface. 

S t r i a t i on  spacings we= conpared t o  fat igue crack growth rates. In  

general. good agreelnent was found f o r  specimns tested i n  water vapor, 

but  discrepancies were large for  specimens tested i n  vacuum. 

In addi t ion t o  fat igue s t r ia t ions ,  numerous areas o f  transverse 

cracking were found a t  low t o  moderate AK values on specimens tested 

i n  vacuum. Examples are  shown i n  f igure  30. These cracks were para l le l  

and fa i r ly  regular ly  spaced. 

on the r e l a t i v e l y  f l a t  surfaces between the cracks. Although sane 

transverse cracks were also found on specimens tested i n  water vapor, 

t h i s  feature was much more prevalent on specimens tested i n  vacuum. 

The much lower amount o f  transverse cracking exhibi ted by specimens 

tested i n  water vapor may be addi t ional  evidence o f  p las t i c  zone 

embri ttlement. 

Fine s t r i a t i o n - l i k e  markings were focnd 
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The e n h a n c e n t  o f  aluninun a l l o y  f a t i g w  crack growth rates by 

water vapor has teen a t t r ibu ted  t o  a mechanism of hydrogen e d w i t t l e -  

amt (refs.  7, 10, 46, 47). Such a mechanism involves a series o f  se- 

quential o r  concurrent steps o r  processes which can be schematically 

outl ined. Following the d i f f us ion  o f  water vapor t o  the crack t i p  v i -  

c i n i t y ,  molecular water i s  adsorbed on the clean a l ln inun surface pro- 

duced by the advancing crack. The react ion o f  water with aluminm pro- 

duces an oxide o r  hydrated oxide f i l m  and l ibera tes  hydrogen. A f te r  

dissociat ion t o  the atomic o r  i on i c  form, hydrogen adsorbs on the alu- 

minum surface and i s  transported i n t o  the p l a s t i c  zone ahead o f  the 

crack t i p  where loca l  ized elnbri t t l e m n t  occurs. Hydrogen transport 

w i th in  the p l a s t i c  zone i s  presumed t o  occur by m b i l e  d is locat ion 

sweep-in i n  addi t ion t o  nonnal bulk d i f fus ion.  

I f  hydrogen enbritt lement i s  the causative mechanism, fat igue 

crack growth rates i n  water vapor w u l d  depend on the k ine t i cs  associ- 

ated wi th  the processes out l ined above. The resu l ts  o f  Bradshaw and 

Wheeler ( re f .  12) and Wei e t  a l .  ( re f .  47) f o r  two A1-Cu-Mg a l loys 

showed a cracking rate t rans i t ion  which occurred a t  r e l a t i v e l y  low 

water vapor pressures. While the present resul ts  f o r  7475-T651 ind i -  

cate that  a s im i la r  t rans i t i on  occurs a t  low water vapor pressures, a 

second t rans i t ion  i n  cracking rates was observed a t  high wbter vapor 

pressures. 

modated by a hydrogen embrittlement mechanism, the ra te  cont ro l l ing  

If both o f  these cracking ra te  t rans i t ions are t o  be accom- 
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process a t  high water vapor pressures must be d i f fe ren t  from the ra te  

cont ro l l ing  process a t  low water vapor pressures. 

A1 though the fractographic evidence presented herein tends t o  

support p las t i c  zone embrittlement, the t rans i t i on  i n  cracking rates 

observed a t  high water vapor pressures may be due t o  some other mecha- 

nism such as anodic dissolut ion. Since the re la t i ve  humidity levels 

during the tests  a t  high water vapor pressures were a t  o r  near 100%. 

water reaching the crack t i p  may have been l i q u i d  rather than vapor. 

Such conditions may be favorable for the onset o f  an anodic dissolut ion 

mechanism. Some i ns igh t  regarding mechanisms may be gained from fa-  

t igue crack g r w t h  tests  where the potent ia l  o f  the specimen i s  con- 

t r o l l e d  wi th respect t o  the tes t  environment. 
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CONCLUDING REMARKS 

An invest igat ion has been performed t o  assess the ef fects  o f  water 

vapor on fat igue crack growth i n  7475-T651 aluminun a l l o y  p la te  and t o  

determine whether these ef fects  are frequency depezdent. Twenty-five 

m th ick  compact specimens were subjected t o  constant amplitude fat igue 

test ing a t  a load r a t i o  o f  0.2. Fatigue crack growth rates were deter- 

mined a t  frequencies o f  1 Hz and 10 Hz i n  hard vacuum and laboratory 

a i r  and i n  mixtures o f  water vapor and nitrogen a t  water vapor p a r t i a l  

pressures ranging from 94 Pa t o  3.8 kPa. Fracture surfaces were char- 

acterized i n  an attempt t o  correlate f racture morphology w i t h  environ- 

men t a l  i n terac ti on. 

Both the TL and LT or ientat ions were tested i n  hard vacuum. 

L i t t l e  difference i n  the cracking rates for the two or ientat ions was 

observed except a t  high stress i n tens i t y  factor ranges where rates for  

the TL or ientat ion were somewhat higher than those f o r  the LT orienta- 

t ion.  No discernible dif ference i n  the cracking rates a t  the two f re-  

quencies was observed f o r  e i ther  orientat ion. Only the LT or ientat ion 

was used f o r  tests i n  other environments. 

I n  laboratory a i r  cracking rates were higher a t  1 Hz than 10 Hz. 

The largest dif ference i n  the cracking rates a t  the two frequencies 

was observed a t  high stress in tens i ty  factor  ranges. A t  1 Hz cracking 

ratcs i n  laboratory a i r  were about 3.5 times higher than those i n  vac- 

uum a t  both low and high stress i n tens i t y  factor  ranges. A t  10 Hz the 

r a t i o  o f  the cracking rates i n  laboratory a i r  t o  those i n  vacuum de- 

creased from about a factor  o f  3 a t  low st rers  i n tens i t y  factor ranges 
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to  about a factor of 2 a t  high stress intensity factor ranges. 

A t  the lowest water vapor pressure tested, 94 Pa, a significant 

effect of water vapor on cracking rates was observed. A t  low stress 

intensity factor ranges cracking rates a t  this pressure were two times 

higher than rates i n  vacuum. Over the water vapor pressure range from 

94 Pa to 1.03 kPa, l i t t l e  change i n  the cracking rates occurred. How- 

ever, an abrupt acceleration i n  the cracking rates was observed a t  

water vapor pressures i n  excess of 1.03 kPa. A t  low stress intensity 

factor ranges cracking rates a t  the highest water vapor pressure tested 

were five times higher than rates i n  vacuum. These results indicate 

t h a t  one transition i n  cracking rates occurred a t  low water vapor 

pressures and another transition occurred a t  high water vapor pressures. 

The abrupt  acceleration of fatigue crack growth rates observed a t  high 

water vapor pressures suggests either a change i n  the rate controlling 

kinetics or a change i n  the basic mechanism as a function of pressure!. 

The effect of  frequzncy on fatigue crack growth rates was insig- 

nificant over the entire water vapor pressure range tested. This re- 

sult suggests that corrosior, fatigue of 7475-T651 i n  water vapor is not 

a simple interaction of mechanical fatigue and stress corrosion crack- 

ing  b u t  is  more likely the result of a more s:;;lplex phenomenon. 

Fracture surfaces of specimens tested i n  water vapor exhibited 

less residual deformaticn t h a n  the fracture surfaces of specimens 

tested i n  vacuum. This difference i n  the amount of deformation may be 

evidence o f  an environmental interaction w i t h  the plastic zone ahead of 

the crack t i p .  Reduced deformation on the fracture surfaces of specl- 
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mens tested i n  water vapor may be the resul t  of plas t ic  zone embrittle- 

ment. Greater deformation on the fracture surfaces o f  specimens tested 

i n  vacuum may have caused crack closure a t  higher loads which might 

account f o r  the differences i n  fatigue crack growth rates i n  vacuum and 

water vapor. 
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APPENDIX 

COMPLIANCE CALIBRATION 

The method of crack length determination used i n  t h i s  study was 

based on a cal-:bration o f  specimen compliance. Inherently, t h i s  method 

i s  based on the assumption tha t  the behavior of the specimen i s  e last ic .  

Accordingly, f o r  the canpact (CT) specimen configuration (See f i g .  5.) 

EBV/P = F(a/W) 

As a p a r t  o f  t h i s  study, CT specimen comp1iar:e was determined experi- 

mental l y  and compared t o  theoret ical  l y  calculated Val ues . 
The exper imntal  compliance of the CT specimen configuration was 

determined by measuring the crack-opening displacement as a function o f  

load a t  various values o f  a/W. A s ingle CT specimen o f  7475-T651 i n  

the TL or ientat ion was used f o r  these experiments. A t h i n  (approxi- 

mately 320 pm) s l o t  was machined through the specimen thickness from the 

t i p  o f  the notch i n  a ,.dile perpendicular t o  the load l i n e  and was ex- 

tended by incremental cutt ing. The length of the s l o t  was measured on 

each face o f  the specimen using a too l  maker's rdicroscope. 

was used t o  measure the crack-opening displacement a t  the crack mouth a t  

d iscrete values o f  load while the specimen was loaded i n  tension. 

each succeeding tes t  a t  a longer s l o t  length, the maximum load was 

adjusted downward t o  maintain a constant, very small p l a s t i c  zone size. 

Values o f  V/P were determined from the slope o f  s t ra igh t  l ines f i t t e d  

t o  the load-displacement data using the method o f  least  squares. 

A - , l ip gage 

I n  

The 
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measured e l a s t i c  modulus of the material was used t o  calculate EBV/P. 

Values of a/W and EBV/P from these experiments are shown i n  

table A l .  

Theoretical cOmplialtce values f o r  the CT specimen Configuration 

have been obtained by Nemar! (ref.  72). His analysis employed the 

method o f  boundary col locat ion and included the ef fects  o f  f i n i t e  

boundaries and pin-loaded holes. He reported compliance values f o r  

plane-stress conditions w i th  Poisson’s r a t i o  equal t o  0.3 f o r  a/W 

ra t i os  ranging from 0.2 t o  0.8. H i s  calculat ions showed good agreement 

wi th  experimental data on two aluminum al loys a t  a/W ra t i os  ranging 

from 0.35 t o  0.6. The theoret ical  compliance values reported by Newman 

are shown i n  table A2. 

Figure A1 shows the experimental (from t h i s  study). and theoretical 

values o f  compliance f o r  the CT specimen configuration as a function of 

a b .  The theoretical and experimental values are i n  excel lent agreement 

over the en t i re  range o f  the experimental data. A compliance cal ibra- 

t i o n  equation was developed by f i t t i n g  a polynomial expression t o  the 

theoret’:al data using the method o f  least  squares. The polynomial 

expression i s  
3 

a/W = bj[ln(EBV/P)]J 

j =O 

where bo = -1.0429, bl = 0.5609, bp = -0.0470, arid b3 = 0.0008. A 

comparison between the polynomial expression and the theoret ical  values 

i s  shown i n  f igure P.2. Values o f  a/W computed using the polynomial 
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expression were within + 0.4% o f  the theoret ica l  values for  0.2 5 

a/W 5 0.8. 

- - 



TWLE A1 .- EXPERIENTAL WLIBWCE FOR 7475- 
1651 ALUUINW ALLOY CT SPECIEN 

1 
a/w 

0.503 
.sa 
.543 
-567 
.593 
,618 
-63% 
.65? 
.679 

.689 

.698 

.708 

.71? 

.728 

.738 

.747 

.758 

.767 

.777 

.788 

.798 

.808 

EW/P 

5 5 . 9  . 
59.86 
68.56 
75.19 
85.35 
98.52 

111.3 
121.5 
144.7 
155.0 
161.2 
173.9 
188.7 
206 -5 
223.2 
240.5 
263.6 
(88.2 
516.5 
348.1 
388.2 
427.3 



TABLE A2.- THEORETICAL CWPLIANCE FOR CT 
SPECIKN COC(fI6URATION FROM 
REFERENCE 72 (PLANE STRESS 
CONDITICYS, v = 0.3)  

0.20 

.25 

.30 

.35 

-40 

-45 

-50 

-55 

-60 

.65 

.70 

.75 

.so 

EBVjP 

17.69 

20.91 

34.90 

25.89 

36.18 

44.23 

54.76 

69.00 

89.04 

118.7 

165.5 

245.4 

397.0 
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B 
0 
0 
0 
0 
0 
0 
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(a) Schematic of  corrosion fatigue behavior, 

(b) Schematic of stress corrosion crocking behavior, 

Figure 1, - Relationship between stress corrosion cracking 
and corroslon fatigue, (Based on ref .  27,)  
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(a) Standard proportions and nomenclature 

7 
2H = 1.2U 

1 

(b) test  specimen (dimensions i n  mn) 
B = 25 mm nominal 

FIgum 5. - CT specimen cmflguration. 
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Figure 6. - Fatigue crack growth rates i n  the TL orientation for  
7475-T651 i n  a vacuum o f  130 uPa a t  frequencies o f  1 Hz and 
10 Hr. R - 0.2. 
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Figure 7. - Fatigue crack growth rates i n  the LT orientatlon for 
7475-T651 i n  a vacuum o f  130 VPa a t  frequencies o f  1 HZ and 
10 k. R = 0.2. 
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Figure 8. - Comparison o f  fatigue crack growth rates i n  the TL 
and LT oriantatfons for 7475-7651 i n  a vacuum of  130 rPa a t  
a frequency o f  1 Hz. R = 0.2. 
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Figure 9. - Conrparison of  fatigue crack growth rates i n  the TL 
and LT Orientations for 7475-1651 i n  a vacuum of 130 pPa a t  
a frequency of 10 Hz. R = 0.2. 
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Figure 10. - Fatigue crack growth rates for 7475-T651 i n  laboratory 
a i r  a t  frequencies o f  1 Hz and 10 Hr. LT Orientation; R * 0.2. 
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Figure 11. - Comparison o f  fatigue crack growth rates for 7475-1651 
i n  laboratory a i r  and I n  a vacuum of 130 pPa a t  a frequency of  
1 Hz. 1.T orlentation; R = 0.2. 
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Flgure 12. - Compsrlson o f  fatigue crack growth rates for  7475-T651 
I n  laboratory a i r  and I n  a vacuum o f  130 pPa a t  a frequency o f  
10 Hr. LT orlentatlon; R = 0.2. 
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Figure 13. - Fatigue crack grawth rates for 7475-T651 a t  water vapor 
pressures o f  94-150 Pa a t  frequencies of 1 Hz and 10 Ht. 
LT orientation; R = 0.2. 
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Figure 14. - Fatigue crack growth rates for  7475-1651 a t  water vapor 
pressures o f  380-553 Pa a t  frequencies of 1 Hr and 10 Hz. 
LT orlentatlon; R = 0.2. 
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Figure 15. - Fatigue crack growth rates for 74751651 a t  water v a p w  
pressures o f  1.02-1.03 kPa at  frequencies o f  1 Hz and 
10 Hz. LT orientation; R = 0.2. 
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FIG re 16. - ‘atigue crack growth rates for 7475-1651 a t  water vapor 
pressurrs o f  2.49-2.61 kPa at frequencies o f  1 Hr and 
10 Hz. 1.1 orientation; R = 0.2. 
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Figun 17. - fatlgue crack g m t h  rates for 7475-1651 a t  water vapor 
pressures o f  3.15-3.36 kPa a t  frequencies of 1 Hr and 
10 Ht. LT orlentatlon; R = 0.2. 
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figure 18. - Fatigue crack grawth rates f o r  7475-T651 a t  water vapor 
pressures of 3.60-3.80 kPa a t  frequencies of 1 Hz and 
. i t .  LT orientation; R = 0.2. 
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Flgure 19. - Carparison of fa t lgw crack growth rates for 7475-T65\ 
a t  various water vapor pressures and i n  a vacuum o f  
130 pPa a t  a frequency o f  1 Hz. Lf orientatlon; R - 0.2. 
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Figure 20. - Cotnparison o f  fatigue crack growth rates for  7475-1651 
a t  various water vapor pressures and i n  a vacuun of 
130 vPa a t  8 frequency o f  10 Hz. LT orientation; R - 0.2. 
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